Abstract Polyhydroxyalkanotes (PHAs), the eco-friendly biopolymers produced by many bacteria, are gaining importance in curtailing the environmental pollution by replacing the non-biodegradable plastics derived from petroleum. The present study was carried out to economize the polyhydroxybutyrate (PHB) production by optimizing the fermentation medium using corn steep liquor (CSL), a by-product of starch processing industry, as a cheap nitrogen source, by Bacillus sp. CFR 256. Response surface methodology (RSM) was used to optimize the fermentation medium using the variables such as corn steep liquor (5-25 g l ), sucrose (5-55 g l -1 ) and inoculum concentration (1-25 ml l -1 ). Central composite rotatable design (CCRD) experiments were carried out to study the complex interactions of the variables. The optimum conditions for maximum PHB production were (g l -1
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Introduction
Polyhydroxyalkanoates (PHAs) are intracellular carbon and energy reserves that are accumulated by various bacteria when surplus carbon is available, under certain nutrient limitation conditions for growth. A number of bacteria including Alcaligenes, Azotobacter, Pseudomonas, recombinanat E. coli have been found producing PHAs in the range of 32 to 164 g/l in 40-60 h with a productivity of around 2 g/l/h 1 . PHAs have similar material properties to conventional plastics and are completely biodegradable. However, one of the problems facing the development of PHAs as substitutes for conventional plastics is their high price compared to petroleum based synthetic plastics 1 . Therefore, efforts are being made to use alternate less expensive carbon, nitrogen sources, besides making alterations in the fermentation strategies to control the cost of the polymer. Use of various industrial wastes, as a carbon source, such as alcoholic distillery effl uent fl 2 and potato processing waste 3 for the production of PHA by microorganisms were reported. Corn steep liquor (CSL), a by product of starch industry, can be used as a nitrogen source to replace the much expensive pure chemicals such as ammonium sulphate, ammonium chloride, ammonium nitrate etc. CSL was used as a carbon source to produce PHB from Azatobacter vinelandii UWD 4 . When many factors and interactions affect desired response, response surface methodology (RSM) can be used effectively for optimizing the fermentation process parameters [5] [6] . ); X 5 : Inoculum concentration (% v/v). Central composite rotatable design (CCRD) is used to fit fi fi rst or second order polynomial by a least squares techfi nique. RSM has been used to optimize the process parameters for the production of many metabolites including PHA 7 . Very recently optimization of PHB production by pure and mixed cultures was reviewed 8 . Table 1 .
work was to optimize PHB production by Bacillus sp. CFR 256 by using RSM and to study the effect of medium components on the yield of the biomass and the polymer.
Materials and Methods
Bacillus sp. CFR 256 (MTCC 5149) was isolated from local soil sample and maintained on nutrient agar slants at 4 0 C. Inoculum was prepared by transferring the growth of a 24 h old slant culture, which was incubated at 30°C, into 100 ml medium containing (g l ) was used as a common component throughout the studies. A central rotatable composite design (CCRD) 9 with 5 variables mentioned above, at 5 levels was used to study the response pattern and optimum combination of the variables used ( Table 1) . The CCRD was arranged to allow the fi tting of the regresfi sion model using multiple regression program (Table 2) . Optimum conditions were deduced from the surface plots, which allowed visualization of the relationship between the response and the experimental levels of each factor used in the experiments. Six replicates (treatments from 27-32) were included for estimation of a pure error of sum of squares. A 1 and 2) is the predicted response for biomass and PHB, respectively, a 0 is the value of the fitted response at the center fi point of the design, a i , a ii , a ij the linear, quadratic and cross point terms, respectively. Optimization of fitted polynomials fi for cell biomass and PHB yield was performed by a non-linear mathematical optimization procedure of the Quattro Pro software package (Quattro pro, Version 4.0, Borland International Inc. USA) 10 . The optimum conditions were monitored and the results were compared with predicted values.
For the measurement of biomass, 10 ml of culture broth was centrifuged (6000 × g for 15 min) and the sediment was washed thoroughly with distilled water and the cells were dried to a constant weight at 70°C in airfl ow dryer. fl The PHB content from the biomass was determined after sodium hypochlorite hydrolysis and chloroform extraction [11] [12] . Extracted PHB sample was characterized by gas chromatography analysis by converting it to methyl esters of monomers as described earlier 7 .
Results and Discussion
The estimated coeffi cients representing the relationship fi between the response (biomass (Y 1 ) and PHB (Y 2 )) and the process variables are given in Table 3. The responses  obtained under different combinations of variables and  defined experimental design (Tables 1 and 2) were anafi lyzed by analysis of variance (Table 4) appropriate to the experimental design. The first and second (quadratic and fi cross product) order terms were found to be significant fi (p > 0.5) and lack of fi t was not signifi fi cant (p > 0.5). The fi values of coeffi cient of determination (R fi 2 R R ) vary from 0.976 to 0.984, which suggest that the models are in good fi t. The fi conditions optimized by the RSM for the production of biomass and PHB are listed in Table 5 . Although the amount of biomass and PHB produced using the optimized conditions is less than the predicted values, the yield of PHB was comparable to that of the predicted values.
The effect of CSL concentration, sucrose concentration, inoculum level, buffering salts on responses such as biomass and PHB yields are reported by the coeffi cients of fi second order polynomials. Some of the response surfaces based on these coeffi cients are shown in Figure 1 . At optifi mum level of Na 2 HPO 4 (2.20 g l -1
), KH 2 PO 4 (0.50 g l -1 ) and sucrose (55.00 g l -1 ), maximum biomass yield (20.67 g l -1 ) was obtained at the highest corn steep liquor concentration (25 g l -1 ) as well as highest inoculum concentration (250 ml l -1 ). Highest concentration of inoculum (250 ml l -1 ) was found to favour increased biomass content, whereas, at the same concentration of CSL and minimum inoculum concentration (10 ml l -1 ), increased PHB yield and decreased biomass content were obtained (Fig. 1 a, b) . Similar results were reported for Rhizobium meliloti 7 . When sucrose was used at optimum level (55 g l -1 ), maximum quantities of biomass and PHB yields were found at highest concentration of CSL (25 g l -1 ) (Fig. 1 c, d ). As can be seen in the present study, many bacteria synthesize PHAs intracellularly under certain nutrient depleted conditions, presence of excess carbon and less nitrogen source, as PHA formation is favoured by conditions that led to high NADPH, high acetyl CoA and low free coenzyme A concentrations inside the cells. The β-ketothiolase, a key enzyme in PHA synthesis, is completely inhibited by high concentrations of COASH, when grown in nutrient rich medium with out any limitation of carbon and nitrogen. Under unbalanced growth conditions, acetyl-CoA concentrations remain high but free CoA is low, thus avoid inhibition of β-ketothiolase activity 13 . At optimum level of KH 2 PO 4 (0.5 g l -1 ), inoculum concentration (10 ml l -1 ) and sucrose (55.00 g l -1 ), the maximum biomass and PHA yields were obtained at lowest Na 2 HPO 4 concentration (2.2 g l -1 ) and highest CSL concentration (25 g l -1 ) (Fig. 1 e, f) . Although there is a reduction in PHB yield with increase in the concentration of KH 2 PO 4 , the biomass yield was dropped by two folds, when the con- centration was raised to 2.0 g l -1 . The data indicated that the organism also requires phosphate limitation in addition to nitrogen limitation for optimum production of PHB as higher concentration of phosphate levels led to a drop in PHB content. This is in accordance with the observation made by Williams and Munro 13 , who opined that besides nitrogen, level of phosphorous or sulfur can also influence rate of fl PHA production. Similar observation was made by Kshama et al 7 l l , wherein; 8% increase of PHA concentration when the initial level of phosphate in the medium is reduced from 0.78 g l -1 to 0.33 g l -1 was reported. Addition of nitrogen source (NH 4 Cl) to the fermentation medium during PHB synthesis caused Alcaligenes eutrophus H16 to cease PHB accumulation, indicating that synthesis of PHB is regulated by N assimilation 14 . Sucrose, besides glucose and fructose was found to be more suitable for cell growth as well as PHB accumulation (69.4 % dry cell weight) by Bacillus mycoides RLj B-017 and accumulation of PHB was observed to be growth associated 15 . The gas chromatography analysis of the PHA produced from corn steep liquor medium showed (data not shown) that the polymer was pure PHB. Additional co-carbon substrates can lead to production of PHA co-polymers. A strain of Rhizobium meliloti produced only PHB when grown on fructose 16 , however, it synthesized 58% PHA of cell biomass, containing up to 22% of β-hydroxyvalerate, when grown with succinate as main carbon source and propionate as co-substrate 17 .
Conclusion
The response surfaces indicated a complex interaction among all the variables tested. The low PHB yield (42.5%) obtained with CSL than the yield with ammonium sulphate (62.0 %) may not be significant, when the cost of these fi substrates is compared. The PHB yields (51.2%) obtained in the optimized conditions are comparable to the values predicted by using RSM technique (52.5%). Further studies in this direction can give more information for the production of PHA in large-scale level.
